ABSTRACT Cell aggregation in Dictyostelium discoideum is mediated by chemotaxis to cyclic AMP. Aggregative cells of the simpler species D. lacteum are not attracted by this cyclic nucleotide. We describe how the cell aggregation-inducing factor, or acrasin, of D. lacteum was purified from aggregating amoebae and characterized. The acrasin, which is mainly secreted in the aggregative phase, is identified as a derivative of pterin. This identification is based on (i) its UV spectrum, (ii) the:inhibition of the enzymatic degradation of acrasin by 6-methylpterin, (iii) the antagonistic effect of 6-aminopterin on chemotaxis towards both pterin and acrasin and not on the response towards folic acid or cyclic AMP, and (iv) the degradation of the acrasin to pterin. Its chromatographic properties show that the acrasin is an as yet unidentified pterin derivative. The acrasin is species. specific and attracts cells at very low concentrations (0.1-0.01 AM). Also, several naturally occurring stereoisomers of 6-polyhydroxyalkylpterins attract aggregative cells at these lowconcentrations. Additionally, we identified a pterin deaminase, which converts pterin into 2-deamino-2-hydroxypterin (lumazin), as the acrasinase in D. lacteum.
Free-living cells of the cellular slime molds feed on bacteria. Vegetative cells of all species so far tested are attracted by folic acid, which is chemotactically less active in later stages (1) . Lack of food induces amoebae to aggregate. Cell aggregation is mediated by a chemoattractant or acrasin (2) . Cyclic AMP, which was the first identified acrasin, induces cell aggregation in Dictyostelium discoideum (3) (4) (5) and attracts other Dictyostelium species with large fruiting bodies (6) . These species are characterized by autonomous oscillations and a relay of the cyclic AMP signal from the center outward. The outward movement of the chemotactic signal coincides with wave-like pulsations of cells moving inward. The amoebae form intercellular contacts and condense into streams of cells moving into the aggregate center. In D. discoideum it has been shown that these behavioral changes are accompanied by an increase in cyclic AMP binding sites, enzyme activities, and cell surface glycoproteins (for a review see ref. 7 ). Besides having a chemotactic effect during cell aggregation, cyclic AMP induces cell differentiation (8) .
We wished to investigate the molecular mechanism of signal transfer in a less complex cell aggregation system. D. lacteum was chosen for its simple type ofaggregation without pulsations or streams. To investigate signal transfer in this species the acrasin should be characterized to such an extent that the attractant or an active derivative can be used as a signal molecule.
Recently, unidentified attractants of Polysphondylium violaceum (9), D. minutum (10) , and D. lacteum (11) Chemotaxis. We used the small population assay to measure chemotactic activity (13 Table 2 were purchased from Sigma; 16, 19, 24, and 29 were from Fluka; and 21 was from Serva (Heidelberg, Federal Republic of Germany). T. Sugimoto (Nagoya University, Japan) generously supplied compounds 9-13 and 30; W. Pfleiderer (University of Konstanz, Federal Republic of Germany) supplied 3-7 and 20; and compounds 14 and 15 were a gift from M. Viscontini (University of Zurich). 6-Aminopterin was synthesized as reported (15) and characterized by its UV spectrum after purification by HPLC. Sepiapterin was synthesized as described in ref. 16 Enzymatic Degradation of the Major Activity Fraction. The highly purified major activity fraction was incubated with an acrasinase preparation. The chemotactic activity disappeared, and HPLC system D revealed one UV-absorbing product corresponding to the peak at 5.2 ml in Fig. 1C . With systems A, B, E, and F the enzymatic degradation product eluted together with the major activity, indicating a close resemblance of the active substance and its enzymatically converted inactive prod- Cell Biology: Van Fig. 2A . Due to the small amount ofthe active product the spectrum is probably not exact at wavelengths below 300 nm. Therefore, spectra of the enzymatic degradation product were measured at several pH values (Fig. 2B) acrasinase were incubated with and without 0.5 mM 6-methylpterin for 10 min and then acrasin and 6-methylpterin were separated with system A. A control experiment revealed that 6-methylpterin did not result in chemotactic activity in the acrasin fraction. The results revealed that without addition of 6-methylpterin the chemotactic activity of the acrasin was lost completely, whereas in the presence of 6-methylpterin no significant degradation was observed. The same was true when, instead of the acrasin, its chemical degradation product or the minor activity fraction was incubated with acrasinase and 6-methylpterin.
Another approach was to use 6-aminopterin, which is chemotactically inactive. This compound is an antagonist of chemotactically active pterin derivatives, but not offolic acid or cyclic AMP (19) . Thus, a 10-to 100-fold excess of 6-aminopterin can block the chemotactic response of D. lacteum towards an active pterin analogue. We observed that the acrasin, its chemical degradation product, and the minor activity compound were antagonized by 10 uM 6-aminopterin.
Chromatographic Data of Pterin Derivatives. The k' values of a series of pterin derivatives in three separation systems are shown in Table 2 . Comparison of data in Tables 1 and 2 led us to the conclusion that none of these compounds corresponds to the acrasin or its enzymatic degradation product. The chemical degradation product, however, could be identified as pterin, not only by k' values, but also by the UV spectrum ( Fig. 2A) and its chemotactic activity in D. lacteum. This confirms the evidence that the acrasin is a pterin analogue.
Enzymatic Conversion and Chemotactic Activity of Pterin Derivatives. Because the chromatographic properties of the pterin derivatives gave no clue to further identification of the acrasin, we tried another approach. The chemotactic activity of all analogues was studied to map the receptor specificity, and the degradation velocity of these analogues by the acrasinase preparation was studied to provide information about the specificity of the acrasinase(s). The only enzymatic reaction that occurred with pterin was deamination at the C-2 position, and 2-deamino-2-hydroxypterin (lumazin) was the only product. Also, for all other pterin derivatives that were degraded, only a disappearance of a positive charge at pH 2 The chemotactic threshold activity was determined for aggregative cells; cross-hatched bars indicate the concentration range, in which the lower limit induced chemotaxis in less than 50% of the populations, the higher limit induced in more than 50%. The relative enzymatic degradation rate was measured by HPLC or UV absorption. The degradation rate of pterin was set at 1; empty bars represent the initial velocity of degradation related to pterin. For several analogues no degradation was observed. The upper limit for the rate of degradation of these analogues is given by the hatched bars. ND, not determined; i, inactive. * This value is based on the observation that the velocity of degradation is similar for the acrasin, 6-methylpterin, and pterin, all at 5 ,uM.
enzymatically by a hydrolytic deamination at the C-2 position. Combining these data with the results shown in Fig. 3 , we propose that the acrasin is enzymatically degraded by a pterin deaminase.
A comparison ofthe structures ofpterin derivatives and their chemotactic activities and degradation velocities (Table 2) shows that reduced pterins (compounds 23-30) are unlikely candidates for the acrasin, because they are degraded less than 1/100th as fast as the acrasin. Furthermore, modifications in the pyrimidine ring are not allowed (compounds 2-6). The pyrazine ring, however, possesses one atom, C-6, at which substituents are permitted. In several cases 6-hydroxyalkyl derivatives show chemotactic activity equal to that of the acrasin.
Chemical and Physical Properties. A chemical test for 6-hydroxyalkylpterins is alkaline permanganate oxidation (18, 20) , which should yield pterin-6-carboxylic acid. Oxidation of the acrasin did not yield pterin-6-carboxylic acid under conditions that resulted in formation of pterin-6-carboxylic acid from 6- hydroxymethylpterin or D-erythro-neopterin. Analysis with HPLC system F revealed another, more negatively charged, compound. This finding does not support or exclude the possibility that the acrasin is a 6-alkylpterin derivative.
PKa measurements were performed by HPLC cation exchange (21) . In the pH range of 1.5-7.0 the acrasin had two pKa values, 3.3 and 1.0, whereas the enzymatic degradation product had only one pKa, 3.2. Because the only difference in molecular structure is the C-2 amino substituent, the pKa of 1.0 should represent the basic N-1 atom (19) . In the pH range of 1.5-7.0 no other pKa was reported in the pterin moiety (19) , thus the PKa of 3.3 might reflect a functional group in the C-6 position.
We observed a very ion-sensitive behavior of the acrasin on Retardation of the acrasin and several other compounds on a reversed-phase column was monitored with mobile phase systems A and E. These two systems differ in ion concentration: A contains 15 mM phosphate buffer, pH 6.0, whereas E consists of distilled water without salts added (pH 6.0). To both systems 10% methanol was added. The ratio between k' values on system E and those on system A reflects the effect of counterions on the polarity of these compounds.
Cell Biology: Van Haastert et aL a reversed-phase column at pH 6 (Table 3 ). This effect of buffer ions on the polarity is also observed with zwitterions (e.g., 8-aminobutylamino-cyclic AMP) but not with noncharged apolar compounds (pterin) or noncharged polar compounds (D-erythro-neopterin). This is due to ion-pair formation in the mobile phase (22 (18) . The high Am. of 380 for the acrasin suggests one double bond in the side chain, conjugated with the pterin n-electron system. In addition, stereospecific recognition ofthe side chain by the chemotaxis receptor is indicated by the high activity of D-erythro-and L-threo-6-polyhydroxyalkylpterins (neo-and biopterin).
The acrasinase has been characterized as a pterin deaminase, although the existence of two or more isozymes as in D. discoideum (23) (24) (25) cannot be excluded. The deaminase from D. lacteum shows the same substrate specificity as an enzyme isolated from Alcaligenes metalcaligenes (26) , but is different from those of D. discoideum (23) .
It is well known that many slime molds secrete folic acid (1); D. lacteum did not secrete a chemotactically detectable amount during aggregation, although a small amount was present (judged by HPLC). Until now, folic acid and pterins were regarded as compounds used in food seeking (1) . With recognition of the acrasin of D. lacteum as a pterin, which is functional during the process of cell aggregation, another important action of the pterins has been presented. The fact that food detection and cell aggregation involve the same or related signal compounds may indicate an evolutionary relationship between these two processes.
As indicated by the antagonism of 6-aminopterin, the acrasin and pterins act by the same chemotaxis receptor. Thus the pterin structure can be regarded as the functional part of the acrasin molecule. The application of highly active derivatives such as D-erythro-neopterin, D-erythro-biopterin, L-threoneopterin, and L-threo-biopterin should lead to further elucidation of the process of chemotaxis and cell aggregation, and comparison with more studied organisms may give information on the universality of these processes. 
